The hemibiotrophic fungus Zymoseptoria tritici is the causative agent of Septoria tritici leaf blotch 9 (STB) disease of wheat (Triticum aestivum L.), the economically most damaging disease of wheat in 10 Europe. Today, ecofriendly plant protection methods compatible with sustainable agriculture are 11 strongly desirable. Here, we applied the two chemical inducers β-aminobutyric acid (BABA) and 12 benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) and the two biotic inducers 13
Introduction 26
The fungus Zymoseptoria tritici causes Septoria tritici blotch (STB) on wheat. Z. tritici is considered 27 the most damaging wheat pathogen in Europe, mainly because of the suitable climatic conditions 28 (Jørgensen et al. 2014 ). During severe epidemics, up to 50% of losses have been registered in a field 29 planted with wheat cultivars susceptible to STB (Fones and Gurr 2015) . Currently, no genetic 30 resistance source in wheat cultivars is known to confer full resistance against STB. For control, 31 farmers rely on the use of cultivars with partial resistance and on conventional fungicides (Schaad et al. 32 2019; Torriani et al. 2015 ). Yet, the durability of chemical control may remain ineffective in the field 33 protegens CHA0 (CHA0) is naturally suppressive to black root rot in tobacco (Stutz et al. 1986 ). It has 49 been reported as a potential bacterial antagonist to control plant diseases (Hase et al. 2000 ; Ramette et 50 al. 2011) , and also for its capacity to induce resistance in dicotyledonous plants (Maurhofer et al. 1994 ; BABA, BTH, CHA0 and PCL have been tested in many different pathosystems, to our knowledge, 71 they have never been tested in wheat against STB. 72 Z. tritici is a filamentous fungal pathogen having the particularity of being hemibiotrophic, with two 73 distinct phases of infection. Following inoculation onto the leaf surface by rain splash, spores 74 germinate (Kema et al. 1996) , giving rise to a single hypha. The hypha invades leaf tissues mainly 75 through stomata (Rohel et al. 2001; Palmer and Skinner 2002) growing slowly in the apoplastic space 76 between mesophyll cells, typically during up to 9-11 days (Kema et al. 1996; Shetty et al. 2003) . Here In this study we aimed to assess the efficacy of the two chemical inducers (BABA and BTH) and of 86 the two biological inducers (P. protegens CHA0 and P. chlororaphis PCL1391) as a preventive 87 treatment on wheat seedlings against Z. tritici. The effect of the plant resistance inducers on fungal 88 development was investigated at an early stage of infection. To exclude any direct inhibitory effect of 89 the chemical inducers on fungal growth, we also assessed their direct antifungal activity towards Z. 90 tritici by means of in vitro bioassays. 91
Materials and methods 92

Plant material and growth conditions 93
Experiments were carried out with the STB susceptible wheat variety Spluga (Agroscope/DSP). Prior 94 to seeding, seeds were surface sterilized by rinsing with 70% ethanol and incubating for 5 minutes in 95 5 % bleach (sodium hypochlorite solution, Fisher Chemical, U.K.). Subsequently, the seeds were 96 rinsed three times in sterile distilled water. The seeds were then pre-germinated for 3 to 4 days on 97 humid filter paper (Filterkrepp Papier braun, E. Weber & Cie AG, 8157 Dielsdorf, Switzerland). We 98 selected the seedlings with similar growth state and morphology to plant in 120 mL polypropylene 99 tubes (Semadeni, 3072 Ostermundigen, Switzerland) filled with a standard potting mixture (peat/sand, 100 3:1, vol/vol). The plants grew in a growth chamber with the following conditions: 16 hours day at 101 22°C, 8 hours night at 18°C and an irradiance of 300 mol m -2 s -1 . The plants were watered as needed. 102
Treatment with biological inducers 103
The biological inducers were used in the following trials were the rifampicin-resistant mutants CHA0-104 RIF of Pseudomonas protegens strain of CHA0 (Natsch et al. 1994) , and PCL-RIF of strain P. with rifampicin 100 μg/mL at 24°C for 4 days. From this culture, a single colony was transferred to 108 100 mL of King's liquid medium B (30g protease-peptone, 1.5g K2HPO4, 2.46 g MgSO4, 1.5g 109 glycerol in 1 L distilled water) supplemented with 50 μg mL -1 rifampicin and incubated overnight 110 incubation at 28°C with continuous shaking at 150 rpm. The resulting bacterial culture was 111 centrifuged at 3700 rpm and washed twice with sterile 10mM MgSO4 solution. The final pellets were 112 re-suspended in sterile distilled water and adjusted to 10 6 cfu/mL (OD600 of 0.1) and used for seed 113 inoculation. To this end, the wheat seeds were immerged into the bacterial suspension for 6 hours with 114 shaking at 35-40 rpm at room temperature. Control seeds were soaked in distilled water for the same 115 duration. Inoculated seeds underwent the pre-germination procedure as described above. 116
Chemical inducer treatment 117
BTH formulated as BION ® 50 WG (50% active ingredient) was obtained from Syngenta (Basel, 118
Switzerland) and BABA from Sigma-Aldrich (Buchs, Switzerland). BTH (2mM) and BABA (15mM), 119 respectively, were dissolved in distilled water and 10 mL per growing tube were used as soil-drench 2 120 days before Z. tritici inoculation. Control plants were just watered with distilled water. The 121 concentration of BTH used in this study was chosen according to Görlach et al. (1996) . While, BABA 122 at 15 mM was chosen as ideal concentration to induce resistance against leaf rust without any effect on 123 plant growth (unpublished data). Switzerland). The isolate was stored at -80°C in 50% glycerol. Stock cultures were cultivated on 127
Yeast-Sucrose Agar (YSA; 10 g L −1 yeast extract, 10 g L −1 sucrose, 1.2% agar) supplemented with 128 kanamycin (50 g/mL). For inoculum preparation, the strain was cultured in liquid YSB amended with 129 50 g/mL kanamycin and incubated for 8 days at 18°C under continuous shaking at 150 rpm. After 130 incubation, the suspension was filtered through a sterile cheese cloth and rinsed with sterile distilled 131 water. Prior to infection, the spore concentration was adjusted to 10 5 spores/mL in distilled water using 132 a haemocytometer. After adding 0.1% tween20 to the spore suspension, each plant was spray-133 inoculated until runoff. The plants were then maintained at 100% relative humidity for 48 hours. After 134 this, the plants were placed in a growth chamber as described above. 135
Infection quantification 136
At 21 days after inoculation (dai), symptoms on wheat plants were quantified as described by Stewart 137 et al. (2016) . Briefly, the third leaf of each plant was excised, fixed on a sheet of paper and 138 immediately scanned at 1.200 dpi (Epson perfection, V370 PHOTO). The leaf surface covered with 139 pycnidia, lesions or leaf necrosis was measured using an automated image analyses macro for the 140 software ImageJ version 1.x (Schneider et al. 2012 ). The disease severity was the expressed as 141 percentage of leaf area covered by lesions (PLACL). 142
In planta fungal growth 143
Monitoring of spore germination and hyphal growth of Z. tritici on the leaf surface was performed 144
using Calcofluor White (Sigma-Aldrich, Germany) staining according to Siah et al. (2010) . Briefly, 145 third leaf segments (4 cm) from three randomly selected replicates of each treatment were harvested at 146 24, 48 and 120 hours after inoculation (hai) and immersed for 5 minutes in 0.1% (w/v) Calcofluor 147
White solution prepared in 0.1 M Tris-HCl buffer pH 8.5. After washing with sterile distilled water, 148 the leaf segments were dried in darkness at room temperature. After covering with a cover slip, the 149 preparations were examined under the epifluorescence microscope (Model E800; Nikon Instruments 150
Europe, Badhoevedorp, The Netherlands) using excitation at 365 nm in combination with a 450 nm 151 barrier filter and a dichroic mirror at 400 nm. 152
In vitro antifungal assay 153
A potential direct effect of BTH and BABA on growth of Z. tritici was spectrophotometrically 154 assessed in liquid YSB supplemented with kanamycin 50 g/mL. Since BION contains additional 155 ingredients that can influence the absorbance measurement, the active molecule Acibenzolar-S-methyl 156 (Sigma-Aldrich, Germany) was used. BABA and BTH were first dissolved in distilled water and 157 filter-sterilized with a 0.22-μm syringe filter (Millex GP, Millipore). Concentrations of 0, 0.02, 0.2 and 158 2 mM of BTH and 0, 0.15, 1.5 and 15 mM of BABA were tested. Aliquots of 40 mL culture medium 159 were inoculated with 50 L of fresh fungal spore suspension (10 5 spores/mL) and placed at 18°C in 160 the dark under continuous shaking at 150 rpm. Fungal growth was assessed daily by measuring the 161 optical density at 405 nm. 162
Statistical analyses 163
All experiments were repeated twice. Infection quantification was carried out in eight biological 164
replicates. The germination of conidia in planta was observed in at least 50 spores on three 165 independent replicates. For both assessments, PLACL and the germination class of conidia, 166 comparisons between the treatments were carried out with one-way ANOVA. After ascertaining that 167 the residues were normally distributed, significant differences between treatments were tested post-hoc 168 using Tukey's HSD test. 169
For the growth inhibition assay, the area under the growth curve was calculated for each BABA and 170 BTH concentration in three independent replicates. Significant difference in response to dose-171 treatment were analysed by a Student's t-test in comparison to the control (0 mM BABA or BTH). 172
In all trials, significant differences were considered at P <0.05. All statistical analyses were conducted 173 in R (R Core Team 2018). 174
Results 175
Plant response to Z. tritici after pre-treatment with resistance inducers 176
Symptoms on leaves were assessed on the third leaf, at 21 days after infection (Fig. 1a ). Infected leaf 177 tissue initially became chlorotic and later turned necrotic. In the untreated control, in the bacteria-178 treated plants and in the BTH treatment a large proportion of the leaves was necrotic and only a small 179 part was alive (green). In opposite, plants treated with 15mM BABA presented less symptoms 180 compared to the untreated control and leaves were green. The extension of the lesions (PLACL) was 181 significantly lower in plants treated with BABA in comparison with the untreated control and the other 182 pre-treatments ( Fig. 1b) . Similarly, the density of pycnidia was significantly reduced in BABA but not 183 in the other treatments (Table 1) . At 120 hai, a small proportion of class 4 (hyphae with branching) was present in the control and both 199 bacterial treatments and BTH treatment but not in BABA-treated plants. This was also true for growth 200 class 1. In BABA-treated plants, 70% of spores were in growth class 1. This was 25% higher than in 201 BTH-and CHA0-treated plants. The number of spores in class 1 was not different between the CHA0, 202 PCL, BTH and the control treatment. For class 2, the number of spores that produced a small germ 203 tube did not differ between treatments. Yet, the number of spores with a well-developed germ tube 204 (class 3) was not significantly different between the bacterial treatments and the control and the 205 bacterial treatments and BTH-treated plants. This proportion was very small in BABA-treated and not 206 different between BABA-and BTH-treated plants but highly significantly different between BABA / 207 BTH treatments and the control. 208
In vitro antifungal activity of BABA and BTH on Z. tritici growth 209
In order to test whether BABA or BTH have a direct inhibitory effect on fungal growth, Z. tritici was 210 grown in YSB liquid medium amended with the two inducers. A dose-dependent inhibition was 211 observed for both chemicals (Fig. 3 ). No antifungal activity was observed for all tested BTH 212 concentrations. At the highest concentration (BTH 2 mM), Z. tritici growth was slightly inhibited (Fig.  213 3a) but no significant differences were observed. When BABA was added to the medium only the 214 highest tested concentration (15 mM) led to a significant delay in fungal growth compared to the 215 control without BABA (Fig. 3b) . (2009) showed that BABA inhibited mycelial growth and germination of Botrytis cinerea in a 240 concentration-dependent manner, suggesting that direct antifungal effects of BABA may be associated 241 with its concentration. In our study, low concentrations of BABA (0.15 and 1.5 mM) did not limit Z. 242 tritici growth. It is important to note that the concentration of BABA inside wheat leaves at 2 and 6 243 days post application of 15 mM BABA to the roots were 16 and 6 µM respectively (Table S1 ), this is 244 far below the in vitro inhibition concentration. Therefore, for our in planta assays, we postulate that 245 BABA primes resistance mechanisms of the plant that inhibit the germination of Z. tritici in the wheat 246
leaves. 247
As mentioned before, at 21 dai, BABA-treated plants showed less PLCAL and a lower number of 248 pycnidia. This could be explained by results observed in the fungal growth assessment, where BABA 249 treatment significantly limited Z. tritici growth. During the transition to the necrotrophic phase, the 250 fungus releases cell wall-degrading enzymes such as β-1,4-endoxylanase, which have been shown to 251 be correlated with symptom and sporulation levels of Z. tritici (Siah et al. 2010; Douaiher et al. 2007) . 252
Hence, the limitation in fungal growth may decrease the production of cell wall-degrading enzymes 253 resulting in less PLCAL and a lower number of pycnidia. 254
In the initial infection phase (48 hai), BTH limited fungal development. However, the effect of BTH 255 did not persist during the whole infection process. One hundred and twenty hours after inoculation, 256 hyphal development on BTH-treated plants hardly differed from the non-treated controls. In addition, 257 21 dai, symptoms on plant leaves were similar to untreated plants. This suggests that BTH did not 258 enhance resistance against Z. tritici in wheat seedlings. We suppose that the delay of spore In this study, inoculation of the STB-susceptible wheat cv. Spluga was performed using Z. tritici 290 isolate 3D7, which was collected in a Swiss wheat field in 1999 and was found to be highly aggressive 291 on several wheat cultivars (Zhan et al. 2002; Zhan et al. 2005 ). This high virulence might be the 292 reason for the observed lack of resistance induction by the tested bacteria. 293
The present study shows that BABA applied as a soil-drench was effective in protecting wheat 294 seedlings from Z. tritici infection, whereas, in plants soil-drenched with BTH, fungal growth was only 295 delayed during the early germination phase. In this case, foliar application may be more effective, 296 since BTH displayed a direct antifungal activity already at very low concentrations. Unexpectedly, 297 wheat seed treatment with CHA0 or PCL did not enhance resistance to STB disease in wheat. reactions during the infection process should provide more insights into the exact defense mechanism 305 implicated in the observed resistance and allow for an adapted choice of inducer. 306
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